The deployment of carbon capture and storage technology involves a
Introduction
Carbon capture and storage technology (CCS) has the potential to dramatically reduce the atmospheric accumulation of carbon dioxide (CO 2 ) emitted from human activities. CCS requires a system of interlinked technologies that capture CO 2 from sources and transport it to geologic storage reservoirs into which the captured CO 2 is injected. To significantly mitigate CO 2 emissions, CCS must be deployed at a considerable scale. Each segment of the CCS chain (capture, transport, storage) has a technology with its own characteristic cost structure, and CCS involves the interaction of these technologies and costs in a coupled system. This coupling determines the returns to scale for the entire carbon capture and storage system and suggests how, given the spatial distribution of sources and potential reservoirs, CCS activities should be organized. This paper focuses on the implications of the spatial orientation of CO 2 sources and CO 2 injection reservoirs. CO 2 sources can be quite clustered or dispersed, as can be CO 2 injection reservoirs. The spatial clustering of sources relative to each other, of injection reservoirs relative to each other, and of sources relative to injection reservoirs can have important ramifications for CCS policy and deployment. The deployment of CCS technology will require large investments in infrastructure, such as dedicated CO 2 pipelines, for example, which can be networked together in order to take advantage of economies of scale with pipeline diameter -from both the physical laws governing fluid flow through pipelines and the empirical costs of building pipelines of marginally larger diameters (Bielicki, 2008a (Bielicki, , 2008b . This paper shows that decisions based on one component of the integrated technological system can be misleading, and that the spatial organization of CO 2 sources relative to CO 2 reservoirs is an important consideration for CCS deployment. Specifically, if CO 2 sources are close to amenable geology, it is preferable to have many potential storage reservoirs dispersed within, or close to, those sources. Similarly, if the geology is amenable to locating many dispersed injection reservoirs, it is preferable to locate future sources dispersed within these reservoirs. If sources are located far from amenable geology, it is preferable to have a centralized injection reservoir in that far-away geology. This preference increases as the CO 2 capacity of the integrated CCS system increases and/or the cost of CO 2 transportation relative to other CCS costs (capture and storage) increases. This paper also documents how the spatial deployment of sources relative to a centralized reservoir can be sensitive to the CO 2 capacity of the integrated CCS system; at some scales it can be preferable to deploy sources that are clustered close to the reservoir, whereas at other scales it can be preferable to deploy sources that are clustered farther away.
The next section briefly presents the SimCCS model (Middleton and Bielicki, 2008a, 2008b) , a scaleable infrastructure model for carbon capture and storage, which optimally deploys integrated CCS systems over space. The deployment results generated by SimCCS can produce an average cost curve, the characteristics of which can be used to determine the returns to scale and preferable properties of the integrated CCS system. Section 3 presents results generated by SimCCS for deploying sets of differently clustered CO 2 sources and reservoirs in California. Section 4 concludes with planning and policy-relevant lessons for choosing where to locate CO 2 reservoirs relative to CO 2 sources.
SimCCS Deployment Methodology
SimCCS (Middleton and Bielicki, 2008a, 2008b ) is a coupled geospatial-optimization engineeringeconomic model that deploys integrated CCS systems by minimizing the total estimated cost of CO 2 capture, transport, and storage. For a target amount of CO 2 to be captured and stored, SimCCS optimally chooses which CO 2 sources and storage reservoirs should be deployed, and generates the pipeline network -routed to avoid costenhancing areas -to couple these spatially heterogeneous points. SimCCS simultaneously and optimally makes seven key decisions:
1. Which CO 2 sources should be deployed, and 2. How much CO 2 should be captured from each deployed source, and 3. Where pipeline networks should be constructed, and 4. What capacity pipelines should be built, and 5. Which CO 2 reservoirs should be deployed, and 6. How much CO 2 should be injected into each reservoir, and 7. How to distribute CO 2 from the dispersed sources through the network to the dispersed reservoirs.
The engineering-economic module within SimCCS estimates the costs and capacities of transporting CO 2 by pipeline and injecting it into geologic formations. These costs and capacity calculations are based, in part, on simple representations of fluid flow through pipelines and through porous media. The "injectivity" of a reservoir depends on geologic parameters, such as permeability, temperature, and pressure, and determines how many wells must be drilled to inject a given flow rate of CO 2 . The CO 2 transportation cost and capacity estimations take into account the dimensions of the pipeline (diameter, length) and the pressure drop that accrues within the pipeline. The engineering-economic model within SimCCS also derives CO 2 capture costs from a thorough review of the published literature.
Integrated System Returns to Scale for Spatially Clustered Carbon Capture or Storage
CCS, when implemented, will deploy sources and reservoirs that are chosen from a set of potentially deployable sources, reservoirs, and pipeline routes. These choice sets incorporate cost and capacity heterogeneity within the sources, within the reservoirs, and geographically. Bielicki (2008a) used SimCCS on nineteen combinations of sets of deployable CO 2 sources and deployable CO 2 reservoirs in California. Bielicki (2008b) adds eight more combinations and extends the analysis by econometrically generalizing the data generated by SimCCS. This section presents the results from four scenarios, taken from Bielicki (2008a) and Bielicki (2008b) to highlight the impact of how the spatial clustering of sources and reservoirs impacts the average cost curve, the returns to scale for the integrated CCS system, and the preferred deployment options.
Figure 1: Potentially deployable source sets (SB23, SLA18) and reservoir sets (R1, R14). The inset shows the potential pipeline routes for the SLA18R1 scenario. Data from Bielicki (2008a Bielicki ( , 2008b All of the data used in this paper are taken from Bielicki (2008a) and Bielicki (2008b) . Figure 1 shows the spatial characteristics of the data. Two sets of deployable sources are shown: SB23 contains 23 sources clustered in the San Francisco Bay area, and SLA18 contains 18 deployable sources clustered in the LA area. These two source sets are matched with either the largest (R1) or the fourteen largest (R14) CO 2 capacity reservoirs (oil fields) deployable in California.
1 The largest reservoir (R1) is located in the southern portion of California's central valley, and the other reservoirs (in R14) are either in the LA basin (proximal to the SLA18 sources) or the southern portion of the central valley as well. The inset shows the potential pipeline routes between the SLA18 sources and the R1 reservoir. These potential routes are generated by SimCCS and are chosen to avoid cost-enhancing areas -such as elevation changes, urban areas, and river crossings -which are indicated by the darkness of the map. SimCCS chooses the sources, routes, and reservoirs to be deployed for the optimal integrated CCS system. Each scenario represents a different combination of spatial distributions of sources and reservoirs within and between each other, as summarized in Table 1. 1 These capacities are estimated by SimCCS and the data is taken from Bielicki (2008a Bielicki ( , 2008b SimCCS was used to optimize the spatial deployment of integrated CCS systems for each combination in Table 1 , with three different variations of estimated CO 2 transportation infrastructure costs. As described in Middleton and Bielicki (2008) , transportation costs in SimCCS are estimated by regressing fifteen years of pipeline construction costs in the United States and estimated operating costs are taken from peer-reviewed literature.
2 In addition to running SimCCS with transportation costs based on these analyses, additional optimizations were performed with artificially deflated construction (fixed) costs as well as artificially inflated operating costs. Figure 2 shows the results generated by SimCCS for four scales of the integrated SB23R14 CCS system with the artificially deflated fixed pipeline construction costs. At 5MtCO 2 per year, CO 2 captured from seven Bay Area sources is aggregated into a large-diameter trunk pipeline running down the western portion of California's central valley. This CO 2 is injected into a single reservoir, which is also the only reservoir deployed for a 10 MtCO 2 per year system. At this larger scale, two additional sources are deployed, and the source opened roughly halfway down the California coast pulls the optimal route slightly west. At 15 MtCO 2 per year, an additional trunk pipeline is generated to capture CO 2 from the eastern-most sources in SB23 and this pipeline is routed along the eastern portion of the central valley. Further, an additional reservoir is opened (it is, in fact, the R1 reservoir). The two 2 Adjusted R 2 for the construction cost regressions is R 2 = 0.87, and operating costs are taken from McCoy and Rubin (2005) .
reservoirs opened at 15 MtCO 2 per year are the only two open at 20 MtCO 2 per year, the routing of the pipelines are roughly the same, and CO 2 is captured from all but one of the SB23 sources.
Figure 3: Average cost curves for optimized deployment of integrated carbon capture and storage systems scenarios. Data from Bielicki (2008a Bielicki ( , 2008b . Figure 3 shows the average cost curves for each scenario in Table 1 . As the scale of the system increases, average costs decrease and, depending on the scenario, start to reverse around a system scale of 7 to 13 MtCO 2 per year. Part of this reversal can be explained by the spatial extension of the system. As the scale of the CCS system expands, it will extend spatially to sources and reservoirs that are farther removed from those already deployed; source and/or reservoir capacities are fully deployed and the system must find another source or reservoir to deploy. Another part of the reversal can be explained by the system's extension to capture CO 2 from more costly sources and/or to inject CO 2 into more costly reservoirs. Where the average cost curve is decreasing, the returns to scale for the individual components of the system (capture, transport, storage) reinforce each other so that economies of scale are positive for the integrated system. Diseconomies of scale for the integrated system set in where the average cost curve starts to increase. Figure 4 shows the difference in costs holding the source sets or reservoir sets constant. The solid brown squares, for example, subtract the average cost curve for SLA18R14 from SLA18R1. If the difference is positive, pairing the deployment the SLA18 reservoirs with the R14 reservoirs is preferred over a pairing with the deployment of the R1 reservoir; if the difference is negative, it is preferable to pair deployment of the SLA18 sources with the R1 reservoir only. The differences for the total costs are shown in the left column and the differences for the transport costs only are in the right column. The top row shows the low fixed cost transportation runs and the bottom row shows the high operating cost transportation runs.
Holding the source sets constant, the lower left panel in Figure 4 shows that the total costs for the R1 systems are always greater than those for the R14 systems. This suggests that it is preferable to have a set of spatially distributed reservoirs to choose from, rather than one centralized reservoir. In contrast, holding the reservoir sets constant indicates that there are regimes in which the SLA18 pairings are cheaper than the SB23 pairings. For both R1 and R14, the SB23 pairings are less costly than the SLA18 pairings between approximately 5 Mt CO2 per year and 13 Mt CO2 per year. These reversals are interesting because, on average, it is more costly to capture CO 2 from the SLA18 sources than the SB23 sources.
3 Further, the SB23 sources are farther away from the reservoirs than are the SLA18 reservoirs. From the perspective of the entire integrated CCS system, it can be desirable to deploy costlier sources or sources that are farther away from the reservoirs. The right column of Figure 4 shows the cost components of the left column that are incurred by the transportation network only. While the transportation cost differences in the lower right panel of Figure 4 show the same regime change as the lower left panel when there is a single centralized reservoir (SB23 systems are less costly than the SLA18 systems between 7 Mt CO2 per year and 14 Mt CO2 per year), the regime in which far-away sources are preferred to be paired with decentralized reservoirs disappears when only the transportation costs are considered. Further, the transportation costs for SLA18R14 system are generally cheaper than the SLA18R1 system, but the systems with the SB23 sources are cheaper with the R1 pairing. This reversal occurs because the SB23 sources can take advantage of the transportation economies of scale through a large diameter trunk pipeline routed to a centralized reservoir far away, as opposed to the short small-diameter pipelines necessitated by the SLA18 sources being somewhat dispersed within the R14 reservoirs. Looking at transportation costs only, this reversal also suggests a different preferred deployment; guidance based on minimizing the costs of one component of the integrated CCS system (in this case transportation) would suggest that far-away sources should be paired with a centralized reservoir when, in fact, consideration of the entire integrated system suggests that far-away sources should still have many storage reservoir options. Figure 5 shows these deployment preferences for all of the panels in Figure 5 also includes arrows that indicate the robustness of the preferred deployment option to increases in CO 2 transportation costs. "Up" arrows indicate that increases in transportation costs relative to the other costs of the integrated CCS system increase the robustness of the preferred deployment option; "down" arrows indicate that the robustness decreases, and at some level the preferred deployment option might change. These arrows are based on the shift or the rotation of the curves in Figure 4 . As the percentage of total average costs attributable to CO 2 transportation infrastructure increases, the bias toward decentralized reservoirs increases when the sources are close to, or dispersed within, the reservoirs, but the preference for centralized reservoirs increases if sources are located far away. When reservoirs are decentralized, the preference for closely located sources increases, but when there is a centralized reservoir the regime-changes (from close to far and back to close sources) becomes more robust.
Discussion and Conclusion
It is typically understood that optimizing one part of a system does not necessarily optimize the entire system. The scenarios presented here, for example, show that, when given the option, it can be desirable to deploy costlier sources. Further, focusing on one segment in the CCS technology chain, such as transportation, can lead to preferred outcomes that are misleading.
One major implication of the results presented here is that co-locating CO 2 sources and reservoirs is not necessarily desirable. Depending on the spatial clustering within and between CO 2 sources and reservoirs, it can be advantageous to transport captured CO 2 farther away to a slightly cheaper reservoir or to take advantage of economies of scale for large diameter trunk pipelines. If sources are clustered together, it is possible to quickly (within a short distance) aggregate captured CO 2 into a trunk pipeline and transport the CO 2 far away. Similarly, if reservoirs are clustered together, a trunk pipeline can transport CO 2 close to the clustered set of reservoirs and connect to smaller diameter pipelines that distribute the CO 2 to the individual reservoirs. The benefits of aggregating CO 2 flows into large diameter pipelines wanes if sources and reservoirs are spatially dispersed within each other, because the shorter distances necessary for individual pipelines can reduce costs more than the economies of scale for larger diameter pipelines.
At present, considerable effort must be undertaken to characterize potential CO 2 storage basins and determine if the underlying geology is amenable for CO 2 storage. This site-specific geologic characterization will require human and financial resources, and, as a result, it is desirable to know where site-specific geologic characterization should occur. If the geology is amenable, a lot of characterization should occur close to sources. If the geology is marginally amenable, it can be better to focus characterization activities far away. These statements, suggested by the analysis in this paper, are true if existing sources can be retrofitted for CO 2 capture. If it will be difficult to retrofit existing sources, geology might play a role in locating future CO 2 sources in a carbon-constrained world.
Given that CCS couples the spatial organization of CO 2 -emitting industries to the spatial organization of geology, guidance on locating future CO 2 sources relative to geology is needed. This paper suggests that if there are many injection reservoirs, it is better to locate CO 2 sources dispersed within them. If a centralized reservoir exists, the ability to aggregate CO 2 flows into large-diameter trunk pipelines can make it preferable to locate future CO 2 sources far away from this reservoir, if there are other CO 2 sources proximal to the location and the CO 2 flows can be aggregated to take advantage of the economies of scale for pipeline transportation. At "small" and "large" scales of the integrated CCS system, it is better to locate CO 2 sources close to this centralized reservoir, but at "medium" scales it can be preferable to locate them farther away.
Advances in technology can decrease capture (source) and injection (reservoir) costs. Since CO 2 transportation by pipeline and its operation are considered to be mature technologies, future cost reductions are expected to be minimal. As such, the portion of total costs attributable to CO 2 transportation will increase as costs increase as capture and injection costs decrease. The conclusions presented above are more robust as transportation costs become a larger portion of the total costs of the integrated CCS system.
The results presented in this paper are based on an optimal cost-minimizing process. It is not expected that the deployment of CCS, or any technology for that matter, will be optimal from the perspective of the entire integrated system. Individual agents in a competitive market economy, for example, will tend to do what is best for their own aims. But it is desirable to know what better, or even optimal, systems and deployment should look like so that policy, planning, and intervention, can attempt to influence the evolution of this deployment.
